Audio-Visual Speech Perception in Infants and Toddlers With Down Syndrome, Fragile X Syndrome, and Williams Syndrome Children acquire their native language quickly and with relative ease. How they achieve this remarkable feat is not fully understood. One potential and oft neglected mechanism involves the visual speech cue. Visual speech has often been regarded as a redundant signal in verbal communication (Weikum et al., 2007) . But although it has been shown that children can discriminate languages both auditorily (Bosch & Sebastian-Galles, 1997; Mehler et al., 1988) and visually (Weikum et al., 2007) , the ability to integrate both auditory and visual information may play a more crucial role in early language development than previously thought (Weikum et al., 2007; Yeung & Werker, 2013) . It is frequently reported that children and adults with neurodevelopmental disorders present with language delay, even when their subsequent language is relatively proficient, as is the case for Williams syndrome (Paterson, Brown, Gsodl, Johnson, & KarmiloffSmith, 1999) . Could this delay partly result from a deficit in integrating auditory and visual speech information? Multisensory dysfunction has already been identified in three atypically developing populations: autism spectrum disorder, dyslexia, and schizophrenia (see Wallace & Stevenson, 2014 , for review), so it may present a more widespread problem in neurodevelopmental disorders. In this paper, we first discuss inter-sensory processing and speech perception-including the importance of the visual speech cue-in typically developing (TD) children. We then highlight what is currently known about these processes & Lickliter, 2000, 2002) , selective attention is heightened whenever the same amodal information is concurrently and synchronously available to multiple senses (intersensory redundancy). This may explain why infants are drawn to social events, because these often provide the greatest amount of intersensory redundancy, making social events pop out (Bahrick, 2010) . It also means that intersensory processing may play a key role during early ontogenesis and have cascading effects on the emergence of higher-level socio-cognitive processes as well as social behaviours such as social orienting and speech perception.
Speech Perception in Typically Developing Children
Speech perception is often multimodal (Campbell, 1996 (Campbell, , 2008 visual attention] and the suggestion that multimodal information processing is atypical in FXS). Additionally, auditory memory is worse than visual memory in DS (e.g., Marcell & Armstrong, 1982) , which indicates that, in at least some tasks, individuals rely more on one modality than another. Again, it is unlikely that AV speech integration is typical in these populations if auditory processing is impaired relative to visual processing. Nevertheless, pace Massaro (1987 Massaro ( , 1998 ), we do not actually know whether the ability to integrate auditory and visual speech information is compromised in the three neurodevelopmental disorders focused on in this study and particularly whether such a deficit is already manifest in very early development.
The Current Task
In sum, children and adults with DS, FXS, and WS all present with language delay (Rice, Warren, & Betz, 2005) , but it remains unclear whether deficits in AV integration contribute to the delay in these populations. Impairment would affect their early abilities to perceive speech (Kushnerenko et al., 2008) , learn phoneme boundaries , and ultimately acquire language. The current study seeks to ascertain whether AV speech integration is atypical in infants and toddlers with DS, FXS, and/or WS. We address this question by measuring AV speech integration in infants and toddlers with the three genetic syndromes, and comparing the data with CA-and MA-matched TD controls. In case it turns out to be true that AV speech integration (the McGurk effect) is impaired in children with neurodevelopmental disorders, we decided also to measure a more basic type of AV speech "integration", namely, intermodal matching. This can be assessed by testing for sensitivity to matching vs. mismatching (co-occurring) audio-visual speech stimuli (e.g., Guiraud et al., 2012) . Specifically, a sound (e.g., /ga/) is presented to the participant together with two faces; one face silently mouths a sound that matches the auditory stimulus (/ga/), while the other face silently mouths a non-matching sound (e.g., /ba/). (This may also lead to the perception of a third sound -e.g., perceiving /bga/. This is a combination response rather than a fusion response [Omata & Mogi, 2008] .) Although there is no evidence that infants are capable of integrating auditory and visual speech information into a single percept before 4.5 months of age (see above), Patterson and Werker (2003) showed that infants as young as 2 months are sensitive to (co-occurring) matching/mismatching audio-visual speech stimuli.
In other words, because TD infants as young as 2 months are sensitive to (cooccurring) matching/mismatching audio-visual speech stimuli, we believe it is highly likely that 16-month-olds will also be sensitive to such stimuli even if they have DS, FXS, or WS.
Integrating information from two different modalities to form an illusory percept is, however, a more sophisticated kind of AV integration that happens later in infancy (see Nardini, Bedford, & Mareschal, 2010 , for evidence that children do not experience fusion in all cases until at least 8-12 years of age).
Therefore, it was hypothesised that our TD controls would demonstrate good AV integration skills by:
(1) looking longer at the congruent face than the incongruent face in a 'Mismatch' condition, in which an auditory /ga/ is matched with a visual /ga/ for the congruent face, and a visual /ba/ (to produce the non-English syllabic /bga/) for the incongruent face (thus demonstrating intermodal matching [see Figure 1] ); while (2) failing to discriminate between the congruent face and the incongruent face in a 'Fusion' condition (i.e., by looking at both faces equally), which is when an auditory /ba/ is matched with a visual /ga/ to produce the normal English syllabic percept /da/ for the incongruent face (and the English syllabic /ba/ for the congruent face) (Figure 1) . In other words, in the Fusion condition, the TD controls should perceive conflicting percepts in both the congruent face and incongruent face (see Figure 2 for a hypothetical depiction of the predictions). The atypically developing groups were expected to discriminate between the faces in both conditions. This is because we hypothesized that they have impaired AV integration and not necessarily the inability to detect incongruence between AV information (an ability that develops early in typical development). No a priori predictions were made with respect to potential differences between the DS, FXS, and WS groups, although we expected this cross-syndrome design to yield interesting subtle differences. See Table 1 for a summary of the predictions. 
Materials
The same stimuli were used as in Kushnerenko Studio LiveViewer via a camera that was positioned centrally above the screen. The infants' eye movements were recorded using Tobii Studio 2.1.14. Caregivers were asked to close their eyes during the experiment. Calibration was carried out using 5 points: one in each corner of the screen and one in the centre of the screen. Before each trial, a colour animation and interesting sounds were played to attract the infant's attention to the centre of the screen. Once the child's attention was focused on the screen centre, the attention grabber was terminated and the trial was started simultaneously. The stimuli were presented in a pseudorandom order and counterbalanced across participants. A distractor separated each trial. The whole procedure lasted less than 10 minutes.
Analysis
For each participant, the quality of recording was measured as a percentage (the number of eye tracking samples that were correctly identified, divided by the number of attempts, so 50% means that one eye was found for the full recording or that both eyes were found for half the time. The eyes cannot be detected when a participant is looking away from the screen; this will result in a lower percentage). The quality of recording was at least 25% in all participants. The quality of recordings did not significantly differ across CA-or MA-matched groups, H(2) = 4.76, p = .093, F 3,81 = 0.90, p = .448, respectively (see Table   3 ). A non-parametric test was used for the CA-comparison because the data in the WS infant group had a continuous uniform (rather than a normal) distribution. An Area-Of-Interest (AOI) was delineated around the face (Figure 2 ). This was defined before data were collected (Guiraud et All data were tested for normality. Data values that were above or below 2 standard deviations from the group mean were judged a priori to be outliers, and hence removed from the analysis (unless the data were transformed -see below). This decision was based on the literature (Field, 2013) . If the data were non-normal (i.e., if Z Skewness > 2 and Kolmogorov-Smirnov p < .05), then they were transformed (log 10 to correct for positive skew, reflected log 10 for negative skew, or arcsine for proportions, as appropriate). If the transformed data were non-normal (e.g., bimodal), then the untransformed data were analysed using the appropriate non-parametric test (e.g., Mann-Whitney). However, analyses of first fixation were-as predicted-more revealing:
Results

Analyses of fixation duration
Control data
Ninety-one of 100 trials were valid. We ran a 2 (Face: congruent, incongruent) x 2 (Condition: fusion, mismatch) repeated measures ANOVA. TD controls were more likely to fixate first on a congruent face than an incongruent face (53 vs. 36), (a) (b) Figure 7 . In the Mismatch condition, all TD infants made either one or two first looks to the congruent face. (a) Infants who made two looks had a significantly higher receptive language score than those who made only one look. For example, whereas one infant who made two looks had a receptive language score equivalent to a 22-month-old, one infant who made only one look had a score equivalent to an 11-month-old. (b) Infants who made two looks to the congruent face also had a higher expressive language score than those who made only one look, but this difference was not statistically significant.
CA-comparison (N.B. no infants with FXS participated)
One infant with WS failed to provide valid data. The remaining children provided [68%]). Some of the DS and WS data were non-normal (Z skewness > ±2, even when logarithmically transformed). Therefore, non-parametric Wilcoxon Signed Rank Tests were carried out (on the untransformed data).
In contrast to TD controls, infants with WS were significantly more likely to land a first fixation on the congruent face than on the incongruent face in the Fusion condition (positive differences = 0, negative differences = 5, number of ties = 6), T = 0, Ζ = 2.24, p = .025, r = .67 but, unlike the TD controls, not in the Mismatch condition (positive differences = 2, negative differences = 5, number of ties = 4), T = 6, Ζ = 1.41, p = .160. Due to the paucity of data in the WS infant group, however, this finding should be interpreted with caution. In the DS infant group, first fixation failed to differentiate between faces in either condition, T = 35, Ζ = 0.80, p = .426 (Fusion: positive differences = 5, negative differences = 5, number of ties = 10), T = 43, Ζ = 1.62, p = .105 (Mismatch: positive differences = 6, negative differences = 4, number of ties = 11). See Figure 8 . See Figure 9 for a more nuanced breakdown of the WS data. Figure 8 . In TD controls, first fixation differentiated between the congruent and incongruent faces in the Mismatch, but not Fusion, condition. In WS, the opposite was true (but see Figure 9 ). In DS, first fixation did not differentiate between faces in either of the conditions. ConF = congruent face in the Fusion condition. InconF = incongruent face in (i.e., over two trials, 0 = no first look, 1 = one first look, 2 = two first looks). Infants with WS were significantly more likely to land a first fixation on the congruent face than on the incongruent face in the Fusion condition (9 vs. 4). A similar (but not statistically significant) pattern was found in the Mismatch condition (9 vs. 4). The reason that the second result was non-significant is because some of the infants provided data for only one of the two trials, and whereas five of these infants looked only at the congruent face, two of them looked only at the incongruent face. Due to the paucity of data in the WS infant group, this finding should be interpreted with caution.
MA-comparison (N.B. including participants with FXS)
All participants provided at least some valid data. In DS, 79 of 84 trials were valid (94%). In FXS, 53 of 56 trials were valid (95%). In WS, 83 of 100 trials were valid. Some of the FXS and WS data were non-normal (Z skewness > ±2, even when logarithmically transformed). Therefore, non-parametric Wilcoxon Signed Rank Tests were carried out (on the untransformed data). 
Other Areas-Of-Interest (AOIs)
We also delineated AOIs around the eyes and mouth and analysed proportion of time looking at the eyes and mouth AOIs, as reported in Guiraud et al. (2012) . However, the fixation data were uninformative, whether comparing face AOIs or eyes and/or mouth AOIs. The regression analyses carried out on data from the TD control group (see above)
were also carried out on data from the atypically developing groups. The AV speech integration data failed to predict language ability in any of the atypically developing groups, though there was a trend in toddlers with DS for expressive language (DS infants: 
Discussion
The aim of the present study was to investigate AV speech perception in three reported a similar pattern of results in a different group of TD infants using the same paradigm as the one used in the current study. Moreover, the (CA-matched) infants with WS discriminated between the congruent and incongruent faces in the Fusion condition (again, note the large effect size: r = .67). Thus, we suggest that, unlike the TD controls, the infants with WS failed to integrate AV speech information. At the very least, we conclude that looking patterns in WS are unlike those observed in TD controls and are thus atypical.
However, although our data suggest that intermodal matching is also atypical in DS and FXS, further evidence is required before we can confidently draw such a conclusion. Why did we not obtain any significant results from the fixation duration analyses?
We suspect that it is a consequence of participants experiencing lengthy video clips. The blocks of repetitions of mouth movements are indeed relatively long (12s). We speculate that the TD controls may have looked longer at one (e.g., the congruent) face for the first several repetitions of mouth movements, and then-after several seconds-may have simply shifted the focus of their attention to the other (e.g., incongruent) face, resulting in equivalent looking times. Analyses of the first fixation showed this to be the case: TD controls were more likely to land a first fixation on the congruent face than on the incongruent face in the Mismatch condition, but not in the Fusion condition, as our hypothesis regarding AV integration would predict. In other words, the more time an infant has to scan a visual scene, the less sensitive becomes the measure of fixation duration, but an analysis of first fixation found that AV integration was present in the TD control group and yet demonstrably weak in all of the atypical groups. The reason that fixation duration yielded significant results for Guiraud et al. (2012) is arguably because Guiraud and colleagues tested younger children (8-9 month olds). Older children (such as the typically developing 15-16 month olds in the current study) are likely to require shorter presentation times to build an internal model of the familiar stimulus before switching attention to a novel stimulus. Therefore, a future experiment involving children older than 9-14 months may benefit from shorter presentation times and more trials.
In summary, our findings demonstrate that AV speech integration is weak in infants with WS, and that this might be the case also for the other two neurodevelopmental disorders but further research is required to verify this. Furthermore, whereas TD controls could discriminate between the faces in the Mismatch (but not Fusion) condition with their first fixation, the atypical groups all showed no discrimination in the Mismatch condition.
Therefore, our results also hint that AV speech perception more generally (i.e., detection of incongruence between AV information) is poor across all atypically developing groups.
Because AV speech matching and integration are key building blocks upon which higherlevel skills (such as word learning) are built, we have identified a possible new constraint on language development in WS (i.e., poor AV integration) and highlighted an area of future research (intermodal matching) that could be important for DS and FXS.
